Barium iron oxide containing hexavalent iron (Fe VI O 4 2− ) was directly synthesized on iron substrates by anodic oxidation using Ba(OH) 2 solution. The lithium (de)intercalation properties were investigated using X-ray diffraction, X-ray photoelectron spectroscopy, high-resolution transmission electron microscopy, and electrochemical charge/ discharge measurements. A 45 nm thick BaFeO 4 film exhibited a discharge capacity of 300 mAh g −1 , which is close to the theoretical value of 313 mAh g −1 calculated from the three electron reaction between iron VI and III states.
Introduction
Iron oxides with extremely high valence states are promising candidates as intercalation host materials for lithium or sodium batteries, because the high valence state may accept a large amount of alkaline ions during the (de)intercalation reaction, which results in high battery capacity. Iron oxides with Fe(VI) valence states enable charge-discharge electrochemical redox reactions involving three or four electrons. Another important issue for iron-containing materials is their environmentally friendly characteristics, and thus they have potential for use as an alternative electrode material for lithium ion batteries. However, the electrochemical properties of iron oxides with extremely high valence states have not yet been characterized due to difficulties in synthesizing materials containing the Fe(VI) state.
Composite cathodes of Fe(VI) compounds such as K 2 FeO 4 and BaFeO 4 have been previously examined for use as a reversible electrode in Li-ion batteries. 13 An electrode containing BaFeO 4 was synthesized through a two-step process, oxidation using hypochlorites followed by a double decomposition reaction, and the resulting electrode containing BaFeO 4 exhibited a reversible electrode capacity of approximately 200 mAh g ¹1 during the first lithiation process. Film electrodes have advantages for their ease of synthesis and for battery applications. Iron oxide films with high oxidation state have been previously synthesized on platinum substrates by the electrochemical deposition method using the electrochemical reduction of Na 2 FeO 4 solution. 4 The 191 nm thick deposited film contained the Fe(III/VI) mixed valence state and showed 300 reversible lithium (de)intercalation cycles in an electrolyte of 1 M LiPF 6 in propylene carbonate/1,2-dimethoxyethane (PC/DME). However, such films contain a large amount of Fe(III) ions due to the presence of nanocrystalline C-Fe 2 O 3 as a principal component of the reductive synthesis. Therefore, it is still necessary to improve the synthesis condition for the anodic oxidative method to obtain high valence state iron oxide monophasic films.
In the present study, monophase barium iron oxide films were directly synthesized on iron substrates by an anodic oxidation technique. The structure and electrochemical properties were investigated. The charge-discharge behavior and phase transitions of the films were also investigated.
Experimental
Barium iron oxide films were synthesized by electrochemical anodic oxidation. An iron sheet (20 © 50 © 0.1 mm 3 ) was washed in acetone and dried in air. The sheet was used as the anode for the reaction in a 0.11 M Ba(OH) 2 solution at a voltage of 1.6 V vs. Fe for 30 min at room temperature. After the anodic oxidation, the iron sheet was washed in water and dried at 100°C for 1 h. X-ray diffraction (XRD; Rigaku, SmartLab) was measured using Cu KA radiation, and the data were collected at 0.02°step widths over the 2ª range from 10 to 90°. The composition of the film was determined by X-ray photoelectron spectroscopy (XPS; Quantera SXM, Physical Electronics Inc.). The samples for XPS measurements were removed from the test cells under a pure Ar atmosphere after electrochemical testing, washed with dimethyl carbonate (DMC; Kanto Chemical), and transferred to the ultrahigh vacuum XPS apparatus using a special transfer vessel to preclude exposure to atmospheric contaminants. Samples for the electrochemical measurements were prepared by punching the plates into 16 mm diameter disks. Electrochemical charge and discharge reactions were conducted using HS-type cells (Hohsen Corp.) with lithium metal anodes and an electrolyte of 1 M (CF 3 ). Crosssectional specimens of the films were prepared for transmission electron microscopy (TEM; JEM-2100F, Jeol) analysis using an FIB microsampling method (Nova 200 FIB system, FEI, USA). To avoid artificial contributions from the TEM sample preparation, the specimens were cleaned prior to analysis with a weak Ga ion beam at a low accelerating voltage of 5 kV, and then a plasma cleaner. TEM observations were performed for pristine Fe(VI) compound films at room temperature with an accelerating voltage of 200 kV. Energy-dispersive X-ray (EDX; JEM-2100F, Jeol) analysis of the Fe(VI) compound film was also conducted. Figure 1 shows an XRD pattern of a film prepared by the anodic oxidation technique. All the diffraction peaks are indexed by those for BaFeO 4 except for peaks due to the metallic iron substrate used for the reaction; no impurities phases were detected. The BaFeO 4 has the BaSO 4 -type structure with orthorhombic symmetry. The cell
Results and Discussion
The Electrochemical Society of Japan (111) and (211) Figure 3 shows an XPS depth profile for BaFeO 4 deposited on the Fe current collector by anodic oxidation. The XPS spectra indicate the existence of Ba, Fe and O, which is in good agreement with the results obtained by the TEM observation. Figure 4 shows the Fe 2p XPS spectra for the profile of the BaFeO 4 film. The peaks near the binding energy of 710 eV are due to iron oxides and disappear at a depth close to 4050 nm, from which the film thickness is speculated to be approximately 45 nm. Figure 5 shows charge-discharge profiles for a 45 nm thick BaFeO 4 film. The Li/BaFeO 4 cell had an initial open-circuit voltage of 2.9 V, and plateau regions during the first discharge around 1.5 and 0.8 V, which were significantly reduced in the second discharge cycle with smooth charge/discharge curves observed. The BaFeO 4 film has a large discharge capacity of ca. 300 mAh g ¹1 with cut-off voltages of 4.3 and 0.5 V, and the capacity value is larger than that of previously reported composite cathodes containing BaFeO 4 .
1 The capacity obtained for the BaFeO 4 film is close to the theoretical value of 313 mAh g ¹1 , based on a three-electron-transfer redox reaction. The film directly synthesized on the Fe substrate could have advantages due to the highly reversible characteristics of the charge-discharge reaction. 4 films obtained by XPS analysis. F, O, C, N, Ba, and S species were detected on the surface of the electrode that was cathodically polarized to 0.5 V. No Fe was observed on the electrode surface, which indicates that lithium carbonates and fluorides were formed on the surface and covered the entire electrode surface.
Fe current collector
In contrast, Fe, F, O, C, N, Ba, and S species were evident on the surface of the electrode that was anodically polarized to 4.5 V. The amount of fluorides formed on the surface was smaller than that observed for the cathodically polarized electrode, which indicates that the solvent was reduced and lithium fluoride was formed around 0.5 V (Li/Li+). Figure 6 shows XRD patterns of the film after discharge to 0.5 V, after charge to 4.5 V, and the pristine film. Although signal intensities for (a) after discharge to 0.5 V and (b) after charge to 4.5 V were small because of large X-ray incident angle, the peaks corresponding to (002) and (102) of BaFeO 4 were observed, which indicates that the BaFeO 4 structure was maintained during the electrode reactions, and thus exhibits highly reversible characteristics.
Conclusion
Barium iron oxide film containing the Fe(VI) state was directly synthesized by anodic reaction of an Fe current collector in Ba(OH) 2 solution. The advantages of the anodic synthesis method are (i) exceptionally high oxidation state of iron Fe(VI) obtained in one step, (ii) monophase without impurities synthesized, (iii) film formation directly on the substrate, and (iv) iron metal is used as a substrate for the reaction. XRD measurements indicated that the Fe(VI) films have the BaFeO 4 composition with the orthorhombic BaSO 4 -type structure. Charge discharge profiles of a 45 nm thick BaFeO 4 film showed a large discharge capacity of 300 mAh g ¹1 , which is characteristic of a high valence state Fe(VI) compound. Polarized anodically to 4.5 V 1.5 38 13 39.7 2.6 1. Electrochemistry, 80(3), 139141 (2012) 
